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Abstract 
Enhanced Cardiac-Specific Differentiation of Mouse Embryonic Stem Cells 
via Electrical Stimulation 
Paul R. Bidez III 
Peter Lelkes, Ph.D. 
 
 
Cardiovascular diseases account for more deaths than any other disease.  Cardiac 
tissue engineering has turned to stem cells as a renewable source of myocytes for use 
in tissue replacements.  Existing methods for stem cell differentiation are non-specific, 
yielding low numbers of myocytes, with varying contraction frequencies and strengths.  
The goals of this project are to design novel experimental approaches, utilizing an 
electrical stimulation regimen, aimed at increasing the efficiency of cardiac differentiation 
from embryonic stem cells and generating cardiac myocytes/scyncithia with functional 
characteristics that more closely resemble native tissues.  It has been found that 
parameters such as amplitude, duration and frequency of the electrical stimulus and the 
timing of its onset are critical factors for enhancement of cardiac differentiation.  
Embryonic stem cells, subjected to an optimum regime of embryoid body formation via 
the hanging drop method followed by suspension culture and subsequent post plating on 
conductive slides with stimulation exhibit nearly 50% more cells differentiating toward the 
cardiac lineage compared to non-stimulated controls, as determined by microscopical 
analysis of the expression of ventricular marker myosin light chain-2v via 
immunohistochemistry.  The spontaneous contractions in the stimulated cells begin up to 
one day earlier and have an average beat frequency close to that of the stimulus applied 
during differentiation.  The spontaneously contracting regions have larger areas of 
contraction, which beat more rhythmically, as determined by videographic analysis.  
Data suggests that these improved myocytes may be better suited for applications in 
tissue engineered constructs, direct implantation into an ailing heart and for use in drug 
development models than those from other methods.
 
1. 
Chapter 1 
Introduction and Background 
 
1.1 Relevance 
Cardiovascular diseases (CVD) are reported by the American Heart Association (AHA) 
to have been responsible for 38% of all deaths in 2002, or approximately 930,000 people 
in the United States.  Of these, 53% were directly caused by myocardial infarction, 18% 
by stroke, and 6% due to congestive heart failure.  The heart’s inability to heal itself is 
the primary factor contributing to the causes of these diseases.  Unlike most other cell 
types, cardiac myocytes, the functional components of the heart muscle, are incapable 
of replication, or do so on a very small scale.  As a result, when the heart is damaged 
through disease or injury, as in the case of a heart attack, there is limited internal 
mechanism for repair and the patient is left with decreased cardiac function which rarely 
improves.   
There are some drug treatments which help to alleviate some of the factors which 
caused the initial damage, such as clogged arteries, however none that actually conduct 
cardiac repair.  In some cases the only option is for a rare total heart replacement or 
mechanical implant.  US-Transplant’s 2004 annual report shows a decreasing number of 
heart transplants being performed each year, from 2,337 replacements in 1994 to 2,055 
in 2003 with an average of 2,248 per year.  During that time period, there was a 
relatively constant average of 3,688 people waiting for transplants (US-Transplant 2004).  
The direct and indirect costs of CVD are estimated to total nearly $400 billion in 2005 
(AHA 2005).  The excessive number of deaths, monumental financial burden without 
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acceptable increase in survival, and insufficient numbers of available organs from 
donors dictate action from the biomedical research community.  
For decades researchers have attempted to perfect a mechanical artificial heart with 
limited success.  In 2002, Mr. James Quinn and Hahnemann University Hospital in 
Philadelphia, Pennsylvania were in the public spotlight for their efforts with the Abiocor® 
artificial heart (CBS News 2002).  Physicians were able to extend Mr. Quinn’s life by 10 
months by using the device.  Artificial hearts with their life saving properties, of limited 
duration, have found application as bridge-to-transplant or stop-gap measures until 
organ donors can be found.  A device with a longer duration of support is clearly needed.  
Jarvik Heart has seen greater success with their Jarvik 2000 FlowMaker®, a left 
ventricular assist device (LVAD) with patients nearing five years of life with the implant.  
The FDA has approved this device for use in bridge-to-transplant applications only, 
whereas the European Union gave Jarvik approval as both a bridge and as a lifetime 
treatment device in 2005.  Their ultimate duration of support is still unknown, but under 
investigation.  The limited duration of these mechanical devices has led to the 
exploration of biologic options through regenerative medicine.  
Tissue engineering has emerged as an interdisciplinary field, integrating physical and life 
sciences with the common goal of generating functional tissue constructs.  Researchers 
have begun to explore the creation of biological therapeutics for use as ventricular assist 
devices, cardiac patches, and diagnostic platforms for in vitro drug testing. In these 
scenarios, the assist device is made from biological tissues which are thought to have 
increased durations of support as they integrate or mimic natural tissues.  Additionally, 
tissue engineers expect to be able to create multiple constructs with identical 
characteristics for the purposes of high throughput drug screening.  A wide variety of 
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approaches have been pursued, with most following the basic tissue engineering 
strategy of culturing cells on some sort of scaffold, which is placed in a bioreactor for a 
period of time, begetting a formed tissue construct. 
1.2 Scaffolds 
In order to fully realize the potential of tissue engineering, among the key challenges are 
the synthesis of new cell adhesion-specific materials, and the development of 
reproducible three-dimensional synthetic or natural biodegradable polymer scaffolds with 
tailored properties (Freed 1994, Vacanti 1995).  Electrical conductivity is potentially one 
of these unique properties, considering that response to electrical stimulation is a key 
feature of myocyte differentiation and function.  The requirement for nano-scale fibers is 
based on current understanding that a major component for successful tissue 
engineering is the ultrastructure of the scaffolds.  Three-dimensional scaffolds comprised 
of nano-scale fibers and specific biological components will be uniquely suited to mimic 
some of the cues, including electrical signaling, that cells in vivo derive from the 
extracellular matrix proteins and which fine-tune cellular differentiation and function.  
Recently, electrically conductive and electroactive polypyrroles have been shown to be 
compatible with biological systems (Schmidt 1997).  These polymers can be readily 
prepared by chemical or electrochemical polymerization to yield high quality films.  By 
controlling the reaction conditions, various fibrous nanostructures of pyrrole polymers 
can be obtained.  Furthermore, substituted pyrrole derivatives and copolymers enhance 
the solubility of the parent polypyrroles (Wei 1991), and also fine-tune their 
biocompatibility (Collier 2000).  These significantly improved conductive and 
biocompatible polymers are suitable for nanostructure-formation (e.g., nanofiber 
spinning), and for biomedical applications including tissue engineering (Bognitzki 2001).  
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Polypyrrole linked to thiophene through ester linkages has also been shown to be 
biodegradable and biocompatible (Rivers 2000).  In the lab, polyaniline, after initial 
passivation treatment, has been shown to support cell growth and proliferation while 
remaining conductive for at least 100 hours (Bidez 2006).  Additionally, in this lab and 
others, indium tin oxide (ITO) coated surfaces have been shown to be conducive to 
cellular growth and differentiation (Bieberich 2004).  These ITO substrates have the 
added benefit of being optically transparent allowing the cultures to be observed during 
the course of the experiment.  It is believed that the inclusion of tailored of biomimetic 
elements in scaffolds, such as soluble growth factors, electrical conductivity and 
biodegradable structural elements will result in enhanced functional properties in the 
resultant tissues.  The experimental work presented in the later chapters establishes the 
effect of the conductive growth substrate and electrical stimulation on cellular 
differentiation towards cardiac in two dimensions and lays a foundation for carrying the 
property of electrical conductivity into three dimensional scaffolds. 
1.3 Cells 
The ideal primary source for cells in tissue engineered constructs has been widely 
debated.  Many of the studies in animal models have utilized primary isolates of adult, 
neonatal and fetal cells of cardiac or skeletal origin as building blocks for tissue 
constructs.  Given the logistical and ethical concerns, the fetal and neonatal cells are not 
clinically relevant options.  In humans, skeletal myoblast progenitors and bone marrow 
mononuclear cells represent the most widely studied option to date, and have had some 
successes (Lee & Makkar, 2004).  However, the low yields of viable progenitors from 
primary isolations have stymied this approach.  Stem cells, either adult or embryonic, 
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present the most promise.  The latter seem to be more plastic, however, both have been 
shown to successfully differentiate into contractile cardiac myocytes.  
Given the prevalence of data and reagents for analysis of murine phenotypes, and the 
ethical concerns and costs associated with human embryonic (ES) cell culture, this 
experimental work as presented will utilize solely mouse ES cells as described in 
Chapter 2, Methodologies.  
1.4 Developmental Markers 
Evaluation of the cellular composition of tissue engineered constructs is critical.  Simply 
measuring the presence of beating does not necessarily signify the creation of cardiac, 
and more specifically ventricular tissue.  In order ascertain the true composition of what 
has been formed, the molecular biology of the tissue must be examined.  Current 
methods utilize gene and gene product profiling.  For the purposes of determining 
cellular differentiation the developmental markers described in the following sections, 
which have known temporal expression profiles (Boheler 2002), are examined using 
immunohistochemistry and fluorescence activated cell sorting (FACS) (see Section 2.4, 
Analytical Methods). 
1.4.1 Nkx-2.5 
The earliest marker of cardiac cellular commitment and differentiation is the homeobox 
gene Nkx-2.5.  In the developing embryo Nkx-2.5 is first expressed between days 3 and 
6 postcoitum, and persists in the adult heart (Lints 1993).  In vitro, it can be detected 
after 2 days of differentiation (Boheler 2002).  Nkx-2.5 is expressed prior to the formation 
of the cardiac crescent, anterior intestinal portal and subsequent expression of α-cardiac 
actin and β-myosin heavy chain. When Nkx-2.5 mutants were generated, many of the 
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downstream cardiac markers such as myosin light chain 2-v (MLC-2v), cardiac ankyrin 
repeat protein (CARP), and HAND1 were greatly downregulated or completely 
undetectable (Lyons 1995, Tanaka 1999, Zou 1997, Biben 1997).  Of particularly 
interesting note, atrial natriuretic factor (ANF) and brain natriuretic peptide, were found 
preferentially in the ventricles of the wild type, and then exclusively in the mutant atria 
(Tanaka 1999).  Taken together, the selective decrease in the expression of various 
markers when Nkx-2.5 is knocked out suggests a possible weighted role in ventricular 
specialization.   
1.4.2 Myosin Heavy Chain 
Myosin, a key component of muscle contraction is comprised of 3 chains, one heavy 
chain and 2 pairs of light chains, the first essential and the other regulatory, respectively 
(Katoh 1989).  Further along in the development of the embryo, alpha and beta isoforms 
of myosin heavy chain (MHC) begin to be expressed.  The same β-MHC isoform has 
been shown to be expressed in both embryos and developing embryoid bodies (EBs), 
allowing the latter to be utilized as a model of in vivo development (Robbins 1990).  In 
EBs, β-MHC was found to have an initially transitive expression showing up on days 3 
and 4 in EBs, missing or decreased in days 5-7, with strong expression thereafter 
(Sanchez 1991, Miller-Hance 1993).  Another in vitro study showed this marker was 
expressed weakly from day 4 to 6, and strongly thereafter (Boheler 2002).  This was 
shown to correspond to initial in vivo detection in the post-implantation embryos, day 5 
postcoitum (pc).  Additionally, α-MHC begins to show up on day 8 in beating EBs, which 
expressed β-MHC.  Similarly the α-MHC in the developing embryos began to be 
expressed on day 7.5 pc.  Expression levels for both isoforms were similar by day 9.5 pc 
(Sanchez 1991).  The expression of the β-MHC, appearing on days 4-8, makes this a 
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useful marker in determining a timeline in the differentiative process (Sanchez 1991, 
Lints 1993).  In addition to the differing temporal expression of these isoforms they have 
different localizations as well.  The α-MHC and β-MHC are coexpressed in the tubular 
heart with α concentrations increasing toward the inflow tract and β increasing towards 
the outflow tract (De Groot 1989).  After looping, α-MHC is only represented in the atrium 
and β-MHC in the ventricle.  This localization is retained in the fetal heart with the 
ventricle only exhibiting β-MHC (Franco 1998).  This differential expression allows the 
marker to be useful in determining both rate and specificity of differentiation, with the 
beta isoform being particularly useful as an early predictor of ventricle specific 
differentiation.  
1.4.3 Myosin Light Chain - 2v 
In cardiac muscle there are 4 myosin light chain forms, MLC -1a, -2a, -1v and -2v. These 
have been shown by microarray analysis to be differentially expressed in the heart, with 
the ‘a’ forms localized to the atria and the ‘v’ forms in the ventricle of the adult (Zhao 
2002). MLC-2v has been demonstrated to be the earliest ventricle specific marker 
(O’Brien 1993).  Lack of MLC-2v leads to decreased ventricular function, sarcomeric 
abnormalities, and total embryonic lethality by day 13.5 in the developing mouse (Chen 
1998). In the developing embryo MLC-2v has been shown to be expressed from day 8.5, 
prior to looping morphogenesis onward, and that this expression is localized to areas of 
the developing ventricle (Faerman 1993, Miller-Hance 1993, Franco 1999).  In vitro it 
has been shown to be expressed from day 7, onward (Boheler 2002).  The localization 
of expression to the ventricular regions makes MLC-2v an excellent marker for 
ventricular specialization. 
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1.5 Differentiation and Assembly 
Methods of differentiation, cell selection and tissue assembly, as well as delivery and 
host integration, remain areas of intense investigation in the field of tissue engineering.  
At present there are multiple options for the delivery of these cells including direct 
injection of undifferentiated cells, pre-selection for a specific population of progenitor 
prior to injection, and the true engineered approach of implanting a functional piece of 
contractile tissue.  Stem cells and skeletal muscle cells have been isolated and injected 
directly into the heart with limited success.  In the case of skeletal muscle cells some 
functional improvement was observed, however the cells never really became heart cells 
and did not completely integrate with the surrounding native myocardium (Strauer 2002, 
Assmus 2002).  Recent clinical trials in humans have shown a significant increase in 
cardiac function after intracoronary delivery of autologous bone marrow stromal (BMS) 
cells pre cultured with vascular endothelial growth factor (Schachinger 2004).  However 
BMS and ES cells both pose risks of formation of teratomas, if not carefully pre-
differentiated before placement within the body (Fujikawa 2005).  The need for efficient 
differentiation methods is highlighted by the safety issues surrounding stem cell 
transplantation. 
The direct injection approach, as mentioned in the preceding text, relies on the host 
tissue to provide the differentiation cues to transplanted haematopoietic, adult or 
embryonic stem cells and has had variable, limited success.  Preconditioning and cell 
selection yield more precise control on the types of cells present in the area of 
implantation.  
9. 
 
Figure 1 - Embryoid body methodology. 
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Stem cell differentiation in vitro is typically initiated by culturing stem cells in embryoid 
bodies (EBs), as seen in the schematic in Figure 1.  This is accomplished through a 
variety of methods including hanging drops, suspension culture, methylcellulose culture, 
single cells or culture in rotating wall vessel bioreactors (RWV) (Dang 2001, Gerect-Nir 
2004).  The suspension culture method creates a large number of embryoid bodies with 
no control over the size of the resultant aggregates.  In contrast, the hanging drop 
affords the greatest degree of control over cell numbers per aggregate by physically 
limiting the numbers of cells in each drop, and thus each aggregate.  This results in a 
very consistent, albeit tedious, method for creating homogeneous populations of 
embryoid bodies.  All of these methods have proven useful in the generation of beating 
cardiac myocytes, with typically 8% of the EBs demonstrating spontaneous contractions 
within 6 days post plating increasing to greater than 40% by day 12 (Lake 2000, Kehat 
2000). 
Cardiac myocytes generated from embryonic stem cells have been shown to display 
electrophysiological properties of nodal, ventricular and atrial-like cells resembling those 
of the embryonic heart tube (Fijnvandrant 2003, He 2003).  In vitro generated cardiac 
myocytes also express typical makers of functional cardiac tissue including, but not 
limited to, Nkx-2.5, myosin heavy chain, cardiac troponin, myosin light chains -1a, -1v,  
-2a, -2v and connexins 40, 43, and 45 (Reviewed in Boheler 2002). 
Efficiency and specificity of differentiation toward cardiac lineages have been enhanced 
through the addition of growth factors.  For example, platelet derived growth factor-BB 
(PDGF-BB) in concert with reduced serum or serum replacement medium has been 
shown to accelerate and enhance differentiation of mouse embryonic stem (mES) cells 
toward cardiac myocytes (Sachinidis 2003).  Similarly, retinoic acid has been shown to 
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increase the efficiency of differentiation towards cardiac, and furthermore, this effect was 
found to have specificity toward ventricle-like cardiac myocytes (Wobus 1995, 1997, 
Hidaka, 2003).  However, it is likely that retinoic acid acts non-specifically having also 
been shown to have potent effects in neuronal development (Fujiwara, Clagget Dame 
2006).  Additionally, retinoic acid and dimethyl sulfoxide (DMSO), while effective in 
mouse cells, have been shown to be ineffective as enhancers of cardiac differentiation in 
human cells (Xu, 2002).  
Interestingly, conditioned medium has also been shown to elicit differentiation in ES 
cells.  Human embryonic stem cells (hES) cells, exposed to medium that was previously 
conditioned by culture with hepatocellularcarinoma (HepG2) cells, differentiated into 
beating cardiac myocytes in less time and in greater numbers than controls (Lake 2000).  
The soluble factors secreted into the medium by the HepG2 cells resulted in the 
expression of Nkx-2.5, the earliest cardiac marker, 2 days earlier than control.  
Researchers have also taken a correlative approach and looked at not only increasing 
the numbers of cells differentiated toward cardiac but also in selecting against those that 
have developed other phenotypes.  Some separation methods rely on physical 
properties utilizing gradient centrifugation.  Others have taken a more biological 
approach.  When murine ES cells were transfected with an α-cardiac myosin heavy 
chain (α-cMHC) promoter driving a neomycin resistance gene selection, enrichment was 
possible by the introduction of G418 which effectively killed off the non α-cMHC 
expressing cells (Zandstra 2003).  This method allows for purification of cell populations 
resulting from the inhomogeneous differentiation methods currently available.  
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Physical or non-biologic stimuli have also been shown to be potent activators or 
accelerators of cellular differentiation and maturation.  For example, continuous 
stimulation of mES cells with a low frequency (50Hz, 0.8mT rms) magnetic field for 3-10 
days resulted in an increase in the expression of the cardiac markers Nkx-2.5, MHC and 
MLC-2v (Ventura 2005). Chronic stretch has been shown to induce cardiac myocyte 
hypertrophy and increase contractile function in engineered heart tissue reconstituted 
from neonatal rat and chick myocytes (Fink 2000).  
Electrically active tissues, such as muscle and neuronal, have also been shown to 
respond to direct stimulation with electric current.  Electrical stimulation has been shown 
to increase interconnectivity and contractile function in constructs of neonatal myocytes 
grown on collagen sponges, and skeletal myoblasts grown on fibrous polyglycolic acid 
(Radisic 2004, Pedrotty 2004).  Evidence suggests that this increased intercellular 
communication is due to the increased activity of L-type calcium channels (Pedrrotty 
2004).  These methods relied on the conductivity of the medium transmission of the 
stimulus, however direct stimulation via a conductive substrate has also been explored.  
Conductive polymers, in particular polypyrroles, have been studied as potential 
electroactive growth substrates for diverse cell- and tissue-culture applications, with the 
implicit assumption that electrical currents through these surfaces can control the shape 
and function of anchorage-dependent cells (Wong 1994).  For example, when grown in 
the absence of electrical stimulation on polypyrrole, acetylcholinestimulated 
catecholamine secretion of neural-tube-derived adrenal chromaffin cells was found to 
equal that of cells grown on collagen substrates (Aoki 1996).  Electrical stimulation 
enhanced nerve growth factor (NGF)-induced neuronal differentiation of adrenal 
medullary chromaffin cell-derived PC12 pheochromocytoma cells grown on polypyrrole.  
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Specifically, a brief period of electrical stimulation (100 mV for 2 h) potentiated NGF-
induced neuritogenesis, as assessed by the length of neurons in cells subjected to 
electrical stimulation (Schmidt 1997).  More recently, this same group (Kotwal 2001) 
found that electrical stimulation of polypyrrole resulted in altered fibronectin adsorption to 
the conductive surface, which in turn enhanced neuritogenesis in PC-12 cells. 
The fundamental premise for the work supporting this thesis is that cellular differentiation 
is influenced by numerous exogenous and endogenous factors in vivo, including 
electrical currents setup by ion gradients.  It is hypothesized that exogenous electrical 
stimulation will enhance/accelerate the tissue-specific differentiation of embryonic stem 
cells toward cardiac myocytes.  This effect is expected to be pronounced on a substrate 
with innate electrical conductivity, as opposed to relying on the conductivity of the 
medium.  This project integrates stem cell biology with electrical stimulation via 
conductive substrates to enhance the efficiency of murine embryonic stem cell 
differentiation toward cardiac lineages. 
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Chapter 2 
Methodologies 
 
2.1 Conductive Substrates - Films and Slides 
Polypyrrole, polyaniline and polycaprolactone composites are among a growing number 
of conductive substrates have been shown to be useful as substrates for cellular growth 
and effective stimulation (Schmidt 1997, Bidez 2006).  While these substrates are 
suitable for cell growth, they are difficult to work with, as even thin films of these 
materials are opaque, rendering light microscopy during cell culture impossible.  
However, we have found that cells grow and proliferate unimpeded on glass slides 
coated with a conductive layer of indium tin oxide (ITO) (SIGMA; St. Louis, MO).  The 
150-300 Å coating of ITO on these slides has a resistance of 70-100 ohms and an 
optical transparency >87%, making them very useful to observe cells during the multi-
week course of culture.  This is preferable to being forced to wait until the end of an 
experiment to see if the cells are viable, differentiating, proliferating etc. under a given 
stimulation regimen. These ITO slides were used as the conductive substrate in all 
experiments. 
  
2.1.1  Slide Characterization 
A polystyrene chamber, 43mm x 18mm x 17mm, comprised of 2 - 8.5mm tall chambers 
previously removed from 1 well microscope chamber slides (Nunc; Rochester, NY) was 
attached to the ITO coated slides, 75mm x 25mm x 1.1 mm, yielding a vessel with a 
maximum working volume of 13 ml.  The chambers were attached with silicone 
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adhesive, (DAP Inc.; Baltimore, MD) which, in preliminary studies, was found to have no 
adverse effects on cellular attachment or growth.  Examples of single and double height 
chambers are pictured below in Figure 2.  Two metal strips (not pictured) are attached to 
each end of the slide with conductive paint (DuPont; Wilmington, DE) to serve as contact 
points.  
 
Figure 2 - Stimulation chambers. 
ITO slides with polystyrene chambers attached.  Note the slide just 
above the dimension line. 
The resistance across the slide from contact point to contact point averaged 207.65 +/- 
27.72 Ω and remained constant whether the chamber was empty, filled with deionized 
water or medium. The resistance of the medium used in this study was also determined 
in a separate chamber. A non-conductive vessel, one of the microscope chamber slides 
previously described with a plain glass bottom, was filled with 8.6 ml of 1% FBS 
containing medium (the medium used during the stimulation experiments) the resistance 
of the fluid was found to be 140 +/-2 kΩ. An approximate circuit diagram for the system 
is depicted in Figure 3. 
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Figure 3 - Circuit diagram for stimulated ITO slide. 
 
 
The parallel resistance for this system is given by the following equation: 
 
Rs = 1/(1/Rslide+1/Rmedium)     
Rs  = 1/(1/207.65 +1/140000)  =  207.34 Ω 
 
The current is given by: 
 
I   =   V        
R     
 
Islide   =  V  =  0.1  V   = 4.82E-4 A 
Rslide  207.65 Ω 
  
Imedium  =  V  =  0.1  V   = 7.14E-7 A 
Rmedium 140,000 Ω 
 
 
  Icombined  = Islide  +  Imedium    
  Icombined  = 4.82E-4 A    +   7.14E-7 A   =   4.82E-4 A 
Based on these observations, we can safely assume that the current will travel primarily 
on the surface of the slide and not through the medium. The cells are resting on this 
surface and thus experience the stimulation primarily through direct contact with the 
stimulated surface.  
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2.2 Electrical Stimulation Setup 
For the purposes of simulating the cells in culture we assembled an 8-channel system 
driven by a Grass stimulator S44 (Grass Telefactor; West Warwick, RI), pictured in 
Figure 4.  This system is capable of generating pulsed or continuous stimuli.  The 
stimulator output has one channel with controls for stimulus rate, duration and intensity.  
The stimulus attenuator (Grass Telefactor SS2-SA1) splits and attenuates the signal into 
4 channels with individual intensity controls.  The Stimusplitter (Grass Telefactor SS2) 
further splits these 4 channels into a total of 8 channels.  As seen in Figure 4, the 
electronics sit on top of a cell culture incubator and the wires are fed in through the 
gasket around the front door. 
 
Figure 4 - Stimulation setup on top of cell culture incubator.  
Pictured are - starting at the bottom right and moving clockwise – Grass Stimulator S44 
(silver), stimulus attenuator, Stimusplitter and oscilloscope for monitoring pulses. Note 
the presence of stimulus indicated by the 8 lights on the Stimusplitter and the presence of 
signal on the oscilloscope denoting 100mV and 20msec pulse. 
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The final hardware component of the stimulation setup is the slide holder pictured in 
Figure 5.  This apparatus consists of a plastic box fitted with RCA jacks on the front for 
connection to the stimulator and spring loaded contacts held in place with plastic 
(pictured) or aluminum rails.  All components for this box were sourced from local 
electronics (RadioShack®) and hardware (Sears Hardware®) stores.  This box, which is 
sterilized by washing with Lysol, followed by ethanolization and 30 minutes under UV 
lamp, resides in the incubator during the experiment and is removed only during medium 
exchanges. The box is connected to the stimulator via quick connecting phono plugs so 
that it may be easily detached and the box taken into a sterile cell culture hood to 
perform medium exchanges.  
 
Figure 5- Stimulation slide holder. 
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2.3 Stem Cells 
Embryonic stem cells have the unique property of pluripotency.  This is defined by the 
NIH as the ability to differentiate into any of the three germ layers, endoderm, mesoderm 
or ectoderm and therefore any structure or organ in the body (NIH 2001).  With the 
ability to become any cell of the body, they are invaluable building blocks for the tissue 
engineer. 
Pluripotent mouse embryonic stem (mES) cells have been available for 20 years 
(Doetschman 1985).  Mouse cells are particularly useful as they are easier to maintain 
than human embryonic stem cells (hES), have less ethical and bureaucratic opponents, 
while having many similar properties in common with human embryology.  These cells 
have been shown to be capable of forming nearly every cell type via a variety of 
methods (Smith 2001).  The availability of these cells, their differentiative properties, 
ease of culture and the wealth of murine genetic information currently available make 
these cells an excellent model for cardiac differentiation studies in vitro.  As such, for the 
studies described here, two lines of mouse embryonic stem cells (ESD3 and GS-ES) 
were utilized. 
2.3.1 ESD3 
The ESD3 cell line, ATCC-1934, purchased from the American Tissue Culture Collection 
(ATCC; Manassas, VA), was isolated from the blastocyst of a pre-implantation mouse 
embryo (mouse strain 129) and has been shown to be capable of differentiating into 
functional cardiac myocytes (Doetschman 1985, Sanchez 1991).   
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2.3.2 GS-ES-CMV27 
These cells were also isolated from a mouse of the strain 129 in a similar manner as the 
ESD3 (Heuchel 1994).  This particular clone has demonstrated the ability to differentiate 
into cardiac myocytes more quickly than the ESD3 cells as assessed by the expression 
of MLC-2v (Muller 2000).  Experimentation confirmed that the contractions began 3-5 
days earlier, and the expression of MLC-2v is clearly visible up to 5 days sooner than in 
ESD3 (see Section 4.12 ).  Importantly, the cell line GS-ES-CMV27 was utilized because 
it had been transfected with enhanced green fluorescent protein (EGFP) driven by the 
MLC-2v promoter (Muller 2000).  Upon differentiation into left ventricular myocytes, cells 
expressing MLC-2v are detectable by fluorescent microscopy.  Purified populations of 
myocytes can be sorted via fluorescent activated cells sorting (FACS).  Since MLC-2v is 
exclusively expressed by ventricular myocytes, these cells have an onboard diagnostic 
system to aid in determining the efficiency of the differentiation method with respect to 
ventricular specification.   
2.3.3 Cell culture 
All experiments were carried out in a humidified cell culture incubator (Thermo-Scientific 
Waltham, MA) at 37°C and 5% CO2.  Both stem cell lines were kept in an 
undifferentiated state by culture with 1000 units ESGRO (Chemicon; Temecula, CA) 
(see Medium Formulations, Section 2.3.4).  Cells were split (1:3-4) every second or third 
day, maintaining the undifferentiated state pictured below in Figure 6.  The 
undifferentiated state of the cells was confirmed at various times during the course of 
these studies by the presence of OCT-4 and SSEA-1 by antibody detection, as seen in 
Figure 7 a, b, and PCR detection of OCT-4 (not shown). 
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Figure 6 - GS-ES – CMV-27 cells in culture in T-25 flask in the  
presence of ESGRO.  
The islands of cells depict the typical growth pattern and morphology of 
undifferentiated stem cells 
 
 
  
Figure 7 a,b – Markers of murine embryonic stem cells 
Left (a) the internal marker Oct-4 (20x), and right (b) the cell surface marker 
SSEA-1 (40x). These are both indicators of pluripotency. 
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2.3.4 Medium Formulations 
 
Maintenance medium for all GS-ES cultures
 Component Source Catalog Number 
 DMEM-ES ATCC SCRR-2010 
 10% Fetal Bovine Serum (FBS) ATCC SCRR-30-2020 
 2 mmol L-glutamine ATCC 30-2214 
 50 u penicillin 50 u streptomycin ATCC 30-2300 
 0.4 mg/ml G418 Sigma A1720 
 0.1 mmol 2-mercaptoethanol    Specialty Media   ES-007-E  
 1000 units/ml ESGRO Chemicon ESG-1107 
 
Maintenance medium for all ESD3 cultures
 DMEM-ES ATCC   
 10% FBS ATCC  
 2 mmol L-glutamine  ATCC  
 50 u penicillin 50u streptomycin ATCC  
 0.1 mmol 2-mercaptoethanol    Specialty Media       
 1000 units/ml ESGRO Chemicon  
    
 
Medium for use in experiments in Chapter 3 
 
Differentiation medium – SA1 - Low Serum
 DMEM-ES ATCC   
 0.2% FBS ATCC  
 2 mmol L-glutamine  ATCC  
 50 u penicillin 50u streptomycin ATCC  
 0.1 mmol 2-mercaptoethanol    Specialty Media       
 
Differentiation medium – SA1 - Hi Serum
 DMEM-ES Optimized ATCC  
 10% FBS ATCC  
 2 mmol L-glutamine ATCC  
 50u penicillin 50u streptomycin ATCC  
 0.1 mmol 2-mercaptoethanol    Specialty Media       
 
Medium for use in experiments in Chapter 4 
 
Differentiation medium – SA2 hanging drop
 DMEM Cellgro 10013 CV 
 20% FBS ATCC  
 2 mmol L-glutamine ATCC  
 50u penicillin 50u streptomycin ATCC  
 0.1 mmol 2-mercaptoethanol    Specialty Media       
(Continued) 
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Differentiation medium – SA2 suspension culture and first 24 hours plating
 DMEM Cellgro  
 10% FBS ATCC  
 2 mmol L-glutamine ATCC  
 50u penicillin 50u streptomycin ATCC  
 0.1 mmol 2-mercaptoethanol    Specialty Media       
 
Differentiation medium – SA2 from 24 hours on  
 DMEM Cellgro  
 1% FBS ATCC  
 2 mmol L-glutamine ATCC  
 50u penicillin 50u streptomycin ATCC  
 0.1 mmol 2-mercaptoethanol    Specialty Media     
 
2.5 Analytical Methods 
Differentiation of mES towards cardiac was confirmed based on the presence of the 
previously mentioned ventricle specific cardiac markers, specifically MLC-2v as 
determined by indirect immunohistochemistry and subsequent image analysis via 
microscopy.  This image analysis method was corroborated via FACS on single cell 
suspensions of dissociated cells probed for MLC-2v.  These methods illuminated the 
number of cells differentiated toward cardiac.  The functional characteristics of the 
cardiac myocytes generated during this project were also evaluated. For this purpose, a 
novel video analysis method was developed.  Details of these methods are presented in 
further detail in the sections that follow.  Specific experimental conditions are found 
within the experimental sections for each set of experiments in Chapters 3 and 4. 
2.5.1 Quantitative Analysis Differentiation – Image Acquisition 
and Analysis 
Live cell cultures were inspected and imaged periodically during the course of these 
studies via phase contrast on a Nikon Eclipse TE-2000E inverted microscope.  The still 
phase contrast images were acquired via Northern Eclipse Software and digital camera.  
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Still fluorescent images were acquired via a Leica DMRX microscope fitted with a 300FX 
camera and Windows-based desktop computer running Leica TWAIN and Adobe 
Photoshop software.  For the purposes of the still fluorescent image analysis all images 
of a given experiment were taken with identical exposures. These images of control and 
stimulated samples were then analyzed with ImageJ software from the National 
Institutes of Health (NIH).  Images were stacked in a single stack and thresholded with 
identical parameters, allowing the areas of marker expression to be quantified. Specific 
details of immunohistochemistry, including antibodies, dilutions and procedure are found 
in the relevant experimental sections in Chapters 3 and 4.  
2.5.2 Quantitative Analysis Differentiation – FACS 
Flow cytometry was performed on a Becton Dickinson FACSCanto™ flow cytometer.  
Data was analyzed with WEASEL (The Walter and Eliza Hall Institute of Medical 
Research, Melbourne, Australia) and FloJo (Tree Star Inc. Ashland, OR) Cytometry 
software.  Specific details are in each experimental section in Chapters 3 and 4.  Briefly, 
cells were dissociated to single cell suspension via 30 minutes incubation with 0.25% 
trypsin (ATCC; Manassas VA) on BellyDancer® gyrating platform (SPI Inc; West Chester, 
PA) in a cell culture incubator at 37°C and 5% CO2.  Cells were titurated by pipette and 
Trypsin was stopped with PBS containing 5% FBS.  Cells were pelleted, washed with 
phosphate buffered saline (PBS), pelleted again and the pellet was fixed in ice-cold 
methanol.  Cells were stored in methanol at 4°C until time of staining. 
2.5.3 Quantitative Analysis – Contractility via Video Analysis 
In order to evaluate the contractile properties, 5 minute videos of spontaneously 
contractile regions were recorded as AVI files via a Hitachi video camera (KPD-50) at 30 
frames per second, through a PixeLINK fire wire converter (PLA-544) (PixeLINK; 
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Ottowa, ON) attached to a Windows-based desktop computer running VirtualDub 
capture software (VirtualDub.org).  Chamber slides, for which videos are being captured, 
were placed in a 37°C water bath on the stage of a Nikon Eclipse TE-2000E inverted 
microscope during acquisition.  Videos were captured with 2x, 4x and 10x objectives 
depending on specific conditions, and recorded in AVI digital file format.  
Movement of the cells on the slides as captured in the AVI files was then analyzed via 
Video Spot Tracker v05.02 (NIH) analysis software.  Spots in the video were chosen and 
tracked as shown in Figure 8.  The peak of this movement represents peak of 
contraction.  Movement is expressed in pixels as X, Y coordinates and an Excel 
spreadsheet of these values is generated.  
 
Figure 8 - Video Spot Tracker v05.02 software. 
 
In order to efficiently determine the peaks in the large columns of data, the Excel 
spreadsheet was further analyzed by the peak fitting module of the OriginPro7.5 
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software from Origin Lab Corporation, Northampton, MA as seen in Figure 9. This 
program plots the X, Y values and identifies peaks based on selection criteria of 
threshold, width and type, i.e. Gaussian. The X, Y values or the hypotenuse can be used 
for the determination of peak movement depending on which yields the largest the 
direction of movement in a particular sample.   
 
Figure 9 - Raw as plotted by the OriginPro peak fitting module. 
The initial raw signal in Figure 9 depicts the actual movement in pixels over time. 
Occasionally there was a small amount of noise which can be filtered via a five iteration 
FFT filtering function provided in the software, as in the Figure 10. 
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Figure 10 - OriginPro7.5 internal filtering including a 5-iteration FTT filter 
used on this signal. 
This filtering forces the heights of the peaks closer to an average and thus makes it 
easier for the software to detect peaks of a Gaussian nature as in Figure 11.  
 
Figure 11 - OriginPro peak finding functionality. 
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A spreadsheet of the peaks was generated by OriginPro7.5 from which the “centered on 
max height” option was chosen as representative of peak of contraction and thus timing 
for the individual peak.  This column of data was then exported to Excel and the time 
between peaks is computed.  Finally this data was fed into the Heart Rate Variability 
Analysis software (see Figure 12), provided by the University of Kuopio Department of 
Applied Physics, Kuopio, Finland (Niskanen 2004). 
 
Figure 12 - HRV Analysis software. 
User interface with the data browser in the tops section, options for analysis in the lower 
left and the results window in the bottom right pane. 
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Figure 13 - HRV analysis program report sheet output depicting all 
results generated by the software. 
This software computed mean R-R values, heart rate and HRV functions and generated 
a report sheet as depicted in Figure 13.  Many of the functions presented apply to 
cardiovascular systems as a whole, taking into account respiration in the frequency 
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domain results, and are beyond the scope of this study as there is no source of 
respiration in our cultured myocytes. As such, the terms beat rate, beat rate variability or 
BRV are used to describe contractions in cardiomyocytes from ES cells.  The ability to 
quickly and concisely express the degree of rhythmicity as expressed by the time 
domain results and the Poincare plot was a significant advantage in the use of this 
software.  Additional information on the application and analysis of  HRV data is 
available in the publication “Software for Advanced HRV Analysis” by Niskanen 
(Niskanen 2004), and the handbook on which these calculations are based (Task Force 
1996). 
2.6 Video System Validation via Micro Electrode Array 
The video analysis system was validated against a MicroElectrode Array (MEA) setup 
from Multi Channel Systems, Reutlingen Germany pictured in Figure 14.  
Figure 14 - MEA setup.  
Above – system, top right - chip with 64 microelectrodes and bottom right – chip in 
holder with heating element. 
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The MEA system records the actual electrophysiological activity of cells plated in close 
proximity to an electrode.  The system utilizes the WINDAQ software for the purposes of 
describing the actual EKG wave form including an R-R peak finding function.  The MEA 
system can also present a typical EKG strip chart as seen in Figure 15.  
 
Figure 15 - Multi channel strip chart recording of electrophysiological activity of 
beating cardiac myocytes from GS-ES-CMV27 embryonic stem cells. 
For the purposes of this validation, GS-ES cells were grown as embryoid bodies for 2 
days, in suspension for 3 days, then as attached culture in a Petri dish for 5 days.  
Contractions began on total day 8.  On day 11, the cells were removed from the 
attached culture, by aspiration via pipette, and plated on the MEA.  The EBs attached in 
24 hours and spontaneous contractions were easily visible at that time.  Three days later 
on total day 14, electrophysiological recordings, 10 minutes in length, were made from 
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the bottom and leftmost electrode in Figure 16, at 500 samples per second, while 
simultaneously recording 30 frames per second video.  These simultaneous 
measurements of spontaneously contractile cardiac cells were made with two 
independent computer systems.  One, a desktop for the MEA software and the other, a 
laptop, attached to the Hitachi KPD-50 video camera through a PixeLINK firewire 
converter.  The Windows-based laptop was running VirtualDub capture software and 
recorded 30FPS video.  The MEA setup has its own heating element to maintain 
temperature at 37°C during acquisition, in ambient atmosphere with medium changes 
approximately every 15 minutes to alleviate any pH fluctuations due to the lack of CO2 in 
the air.  
The slight blur in the middle of the left half of image in Figure 16 is the contractile region 
being recorded.  Contraction timing, and thus R-R values were independently 
determined by electrophysiological signal and by pixel tracking software analysis.  R-R 
values from both systems were input into the HRV analysis program.  Summary 
comparisons of the two methods are depicted in the adjoining table in Figure 16. 
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 MEA Video 
Beat Rate 
(1/min) 
81.81 
STD 32.25 
75.42 
STD 15.69 
Mean RR 
(s) 
0.804 
STD 
0 .193 
0.854 
STD 0.182 
BRV 
 
181.5 179.2 
STD = standard deviation 
Figure 16 - Image of MEA during contraction and table of results comparing 
values from the EGC vs. video acquisition. 
 
While there is a slight difference in the beat rate per minute, more importantly the 
variation in the beats and the resultant BRV calculation are very similar.  As a result of 
this validation the two methods were deemed comparable.  This previously unreported 
method enables us to take video of any contractile embryoid body on our conductive 
slides and generate functional analysis of contractility by simple optical means without 
the need for specialized MEA plates and equipment. 
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Chapter 3 
Cells on Conductive Substrate Without Pre-aggregation 
 
3.1 Introduction 
Preliminary results suggested that proliferation and differentiation of H9c2 myoblasts 
were influenced by the application of a 100mV, 50 msec, 2 Hz electrical stimulus, and 
that a similar stimulus (100 mv, 20 msec, 1.5 Hz) was found to be effective in the post-
plating differentiation of embryoid bodies.  These parameters were carried over in these 
experiments.  In order to more fully characterize this observation with mES cells, a 
differentiation and proliferation study was performed. This study was designed to 
quantify any change in cell number, as well as any differences in the expression of 
various markers of differentiation due to the influence of stimulation.  
Previous reports on myoblast differentiation demonstrated the use of 90% confluence in 
order to differentiate into myotubes (Yang 2001). Additionally, decreased serum 
concentrations are traditionally used to differentiate myoblast cultures into myotubes, 
and this effect has been similarly demonstrated in mES cells postplated from hanging 
drops (Sachdinis 2003 ). It has been shown in our lab, as well as others, that cells, 
specifically myoblasts, when stimulated, tend to proliferate more rapidly than non-
stimulated controls (Pedrotty 2004).  
ES or adult stem cells, when placed in scaffolds, or injected into ailing hearts without an 
initial pre-differentiation step as in the hanging drop method, have been shown, in low 
numbers, to differentiate into functional cardiac tissue (Boheler, 2002). The low 
efficiency of cellular differentiation towards functional cardiac myocytes found in these 
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studies and potential for formation of teratomas highlight the need for pre-differentiation 
prior to tissue assembly (Fujikawa, 2005). Pre-differentiation allows greater control over 
the makeup of the resultant construct and the certainty that the cells injected into an 
ailing heart will be of the proper type and in the correct ratios to illicit the desired 
integration and functional improvements in the heart. The hanging drop method attempts 
to emulate the embryonic environment where the heart naturally develops. In contrast, 
ES cells injected directly into the heart receive differentiation cues from the surrounding 
tissue and associated environment without the benefit of the pseudo embryonic cues. 
One of the differentiation cues in the environment around the heart is the presence of 
electrical activity including electrical currents setup by ion gradients. This set of 
experiments attempts to recreate an environment with electrical cues similar to those 
found in a functional heart to determine if this factor might enhance differentiation 
towards cardiac myocytes.  The following matrix of experiments in Table 1 was designed 
and carried out to demonstrate the effect of electrical stimulation in concert with variable 
seeding densities and serum concentrations on mES cells in 2-D, without first going 
through a hanging drop step.  
Sample # Seeding Density Serum Concentration Stimulation Expected Effect 
1 Low(4E5/well) Low(0.2% FBS) - ↔P↔D 
2 Low High(10% FBS) - ↑ P↓D 
3 High(2E6/well) Low - ↓P↑ D 
4 High High - ↓P↓D 
5 Low Low + ↔P↔D 
6 Low High + ↑ P↓D 
7 High Low + ↓P↑ D 
8 High High + ↑ P↔D 
Table 1 - Experimental matrix run. 
P=Proliferation, D=Differentiation,  ↑= Increased,  ↓=Decreased,  ↔ Either.   
Stimulus: (+) pulsed 100mv, 20msec, 1.5 Hz vs. (-) control – non-stimulated. 
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3.2 Experimental Procedure 
Mouse embryonic stem cells, GS-ES-CMV27, were seeded as single cells at 4E5 per 
well, ~5E4 cells /cm2 (low seeding density), and 2E6 per well, ~2.5E5 cells /cm2 (high 
seeding density) in 4 gelatinized ITO chambers.  This initial plating was done in DMEM 
containing 10% FBS. Cells were then placed in a cell culture incubator at 37°C and 5% 
CO2. After 24 hours (see images in Figures 17 and 18) the medium was exchanged per 
the matrix in Table 1. High serum medium contained 10% FBS and low serum medium 
contained 0.2% FBS which was then changed every day thereafter. 
3.3 Results SA1 
Figures 17 and 18 are representative images of the initial conditions 24 hours after 
plating and before the first medium exchange.  
 
Figure 17 - 2E6 Cells per well after 24 
hours. 
 
Figure 18 - 4E5 Cells per well after 24 
hours. 
 
The low serum - low seeding density samples (1, 5 from the matrix in Table 1), depicted 
in the phase contrast images in Figures 19 and 20 below, clearly depicted that this 
condition was lethal. Nearly all cells in both the stimulated and non-stimulated were 
detached, rounded and floating.  
37. 
Figure 19 - Sample 1, day 10 (10x). Figure 20 - Sample 5, day 10 (10x). 
The high serum - low seeding density samples (2, 6 from Table 1), pictured in Figures 21 
and 22 below, demonstrated that the cells clearly proliferated expanding to fill most of 
the space.  In these phase contrast images we can see that there are a number of 
rounded dead and dying cells floating around in the wells of both the stimulated and the 
non stimulated samples.  
Figure 21 - Sample 2, day 10 (10x). Figure 22 - Sample 6, day 10 (20x). 
A few of the cells in the high serum low seeding density samples (2, 6) did differentiate 
and become MLC-2v expressing, as assessed by GFP expression in the fluorescent 
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micrographs pictured in Figures 23 and 24.  There are, in fact, a few bright cells, 
however none of the cells were found to be contractile and they appeared to be spread 
randomly throughout the images.  Pictures in these figures are of the brightest areas, 
which are atypical of the samples as a whole, however, they are included to show that a 
few cells in fact differentiated toward ventricle.  
Figure 23 - Sample 2, day 10 (20x). Figure 24 - Sample 6, day 10 (20x). 
The low serum high seeding density samples (3, 7 from Table 1) represent numerous 
dead and floating cells as seen in the phase contrast images in Figures 25 a, b and 
26 a, b.  There appear to be slightly more dead cells in the stimulated, however in both 
cases the condition is quite lethal. 
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Figure 25 a, b - Sample 3, day 10 (4x top 
10x bottom). 
Figure 26 a, b - Sample 7, day 10 (4x top 
10x bottom). 
It is interesting to note, however, that while in large part deadly, the condition also 
elicited some differentiation towards ventricle as seen in the fluorescent images in 
Figures 27 and 28.  Again, these are the brightest areas in the slide and not typical of 
the whole slide, nonetheless they show that some cells in fact expressed MLC-2v. 
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Figure 27 - Sample 3, day 10 (20x). Figure 28 - Sample 7, day 10 (20x). 
The final set, the high serum high seeding density samples (4, 8 from table 1), 
demonstrated the greatest proliferation with the least lethality, as seen in Figures 29 and 
30.  As in all the samples, there are a number of dead cells, and the cultures look only 
slightly better than the other conditions tested in this study. 
Figure 29 - Sample 4, day 10 (4x). Figure 30 - Sample 8, day 10 (4x). 
In these high serum high seeding density samples (4, 8), we again see some 
differentiation as depicted by MLC-2v expression in the fluorescent micrographs in 
Figures 31 and 32.  Again, these are the brightest regions in the slide and not typical of 
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the slides as a whole.  As with all the other samples, these cells were not spontaneously 
contractile. 
Figure 31 - Sample 4, day 10 (10x). Figure 32 - Sample 8, day 10 (10x). 
Attempts were made to fix these cells with a variety of procedures, including ice-cold 
methanol, and formaldehyde and gluteraldehyde-based fixatives and subsequently stain 
them with antibodies against MLC-2v.  In most cases, the cells simply detached and 
were unable to be stained.  The few cells that did remain attached did not stain positively 
for MLC-2v, leaving nothing to image.  
3.4 Discussion 
As a whole, this set of experiments highlights the need to pre-differentiate stem cells 
prior to injection into any host recipient.  Failure to do so leads to uncontrollable 
proliferation and random differentiation and the formation of teratomas (Fujikawa 2005).  
This was clearly reproduced in this experimental study.  
This set of experiments was particularly difficult to run, in that the cells grew rapidly in 
these chambers and as a result, after a few days of proliferation and daily medium 
exchanges the medium would become quite acidotic (<6.8) in less than 12 hours.  
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Undoubtedly the acidic pH contributed to the large numbers of dead cells found in these 
cultures.  The fact that the cells washed off the plates during medium exchanges and 
PBS washes is another indication that the cells were not healthily attached to the 
surface.  
In none of the conditions did the cells ever develop spontaneously contractile regions.  
This was surprising, in that some of the cells clearly differentiated into ventricle cells due 
to the obvious, albeit limited, GFP expression as seen in some of the cells.  As shown in 
the next set of experiments in Chapter 4, and utilizing the hanging drop method, 
whenever the cells expressed MLC-2v as inferred from the appearance of GFP in the 
live cells, these cells were nearly always spontaneously contractile to some extent.  The 
great pH fluctuations may have contributed to this lack of contractile activity.  The 
inability to keep the cells healthy and alive and the complete lack of contractility, even in 
MLC-2v expressing cells led to the cessation of this experimental plan. 
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Chapter 4 
Effects of Electrical Stimulation on Differentiating Embryoid 
Bodies 
 
Section 1- Timing for Initiation of Stimulus 
 
4.1 Introduction 
Stem cells, when differentiated as embryoid bodies, have been shown to develop 
uncontrollably into cells from all three germ layers (Lake 2000, Kehat 2000, Boheler 
2002).  The goal of this experimental series was to determine the effect of a direct 
electrical stimulus on the number of cardiac cells generated from the differentiation 
process and assess their contractile properties.  Differentiation of ES cells can be 
affected by the application of growth factors in vitro, furthermore the concentration and 
timing for the addition of the growth factor retinoic acid was shown to be critical in the 
differentiation process (Wobus 1997). Application of the differentiative factor too early, or 
in the incorrect concentration, actually inhibited differentiation. These principles were 
investigated with respect to the timing of application of an electrical stimulus. 
The first series of experiments (see Table 2) was designed to determine the optimum 
time for plating and initiation of electrical stimulation as assessed by the effect on the 
temporal expression of cardiac markers.  Additional experiments later in this chapter 
were designed to determine the efficiency of differentiation by quantifying the percentage 
of cardiac cells by cell count via flow cytometry.  Contractile properties of the 
differentiated myocytes including heart rate and heart rate variability were also 
established.  
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  Timing for initiation of stimulation 
Day 1 2 3 4 5 6 7 8 9 10 11+ 
Control                       
Stimulation       + + + + + + + 
         + + + + + + 
            + + + + + 
             + + + + 
+ Denotes electrical stimulation. 
Table 2 - Experimental matrix, timing of stimulation for EBs from hanging drops. 
 
4.2 Experimental Procedure - Timing for initiation of stimulus 
Mouse embryonic stem cells, GS-ES-CMV27, were cultured as hanging drops, 500 cells 
per 20µl drop in DMEM with 20% FBS for 2 days. Embryoid bodies were then 
transferred to Petri dishes (Nunc-Low Cell Binding Dishes - #145389 or similar) 50-100 
EBs per dish with 15mL of DMEM with 10% FBS.  
Condition Sample Name Day (EB + Suspension) 
1 Control 1 / Simulated 1 2+2 
2 Control 2 / Simulated 2 2+3 
3 Control 3 / Simulated 3 2+4 
4 Control 4 / Simulated 4 2+5 
Table 3 - Experimental Setup. 
For condition 1 in Table 3, after 48 hours, 35 EBs were plated on to each of the gelatin 
coated ITO slides with 10% FBS medium and stimulation was initiated.  After an 
additional 24 hours medium was exchanged for DMEM with 0.2% FBS with daily 
medium exchanges thereafter.  For condition 2 in Table 3, after an additional 24 hours 
(72 total), 35 EBs were plated to each of the gelatin coated ITO slides with 10% FBS 
medium and stimulation was initiated.  After an additional 24 hours medium was 
exchanged for DMEM with 0.2% FBS with daily medium exchanges thereafter.  The 
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same procedure was carried out for the remaining conditions.  Samples were observed 
daily for presence of contractions and videos of each sample were taken on days 13, 15, 
and 18.  
4.3 Results - Timing for Initiation of Stimulus 
Spontaneous contractions in non-stimulated samples were noted by day 11 and 
continued through the end of the study on day 18.  All samples exhibited spontaneous 
contractions up until the time the experiment ended.  In condition 1, the cells spread very 
quickly after attachment, rapidly losing the characteristic borders of the initial EBs 
exhibiting a very diffuse pattern of growth.  These weakly contracting cells also 
demonstrated the least amount of MLC-2v by GFP expression in the day 18 images as 
seen in Figure 33.  
Control Condition 1= 2+2 Stimulated Condition 1= 2+2 
Figure 33 - Fluorescent micrographs from day 18, representative images show areas are of 
the highest intensity of GFP expression in a given sample. 
Cells in condition 2 were strongly contractile and spread to a small degree, enough that 
they could be easily imaged without too much layering, but not so much as to have 
considerably outrun their initial borders.  They displayed a discernable amount of GFP 
46. 
expression on day 18, and a limited amount of layering, as depicted in the decreased 
blurriness of the individual cells in Figure 34.  
Control Condition 2= 2+3 Stimulated Condition 2 2+3 
Figure 34 - Fluorescent micrographs from day 18, representative images shown, areas are 
of the highest intensity of GFP expression. 
Conditions 3 and 4, shown in Figure 35, were both contractile and expressed GFP 
however they did not spread very much and thus the borders of the area that were 
contractile were hard to identify. Movement was visible but difficult to discern due to 
considerable layering of the cells on top of one another. The embryoid bodies remained 
rounded in these conditions and although differentiation was apparent the considerable 
layering made it difficult to image and quantify. 
Control Condition 3 = 2+4 Stimulated Condition 3 = 2+4 
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Control Condition 4 = 2+5 Stimulated Condition 4 = 2+5 
Figure 35 - Fluorescent micrographs from day 18. 
Representative images shown, areas are of the highest intensity of GFP expression.  Conditions 
3 and 4 are summarized in this figure.  Note the layering in control condition 4 where in the left 
portion of the EB is relatively clear the upper right is blurred and evidence of the existence of 
cells on another focal plane. 
Based on these observations, the second condition of 2 days hanging drop and 3 days 
in suspension culture was chosen because it afforded a regimen where significant 
numbers of cells differentiated into contractile ventricle cells as assessed by GFP 
expression via fluorescent microscopy.  Additionally, the contractions of these cells in 
live culture, and subsequent antibody or internal MLC-2v – GFP expression in fixed cells 
could be more easily imaged by phase contrast and fluorescent microscopy respectively.   
4.4 Preliminary Video Analysis 
4.4.1 Subjective Scoring of Contractile Function 
Typically, researchers simply report the number of embryoid bodies contracting (Lake 
2000, Kehat 2000) without determination of the frequency or variability of the 
contractions. However during the course of these experiments while performing the 
requisite daily observations and medium exchanges, the contractile properties appeared, 
by eye, to be different between the stimulated and the control. The stimulated samples 
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appeared to have larger contractile areas that moved with more strength than non-
stimulated controls. These areas also seemed to contract more rhythmically.  
In an initial attempt to quantify the differences in contractile function beyond simply 
counting the number of contractile areas, a subjective scoring system was developed 
that allows for more information to be gleaned from an experiment. While watching the 
videos that were recorded as part of the experiments in Section 4.2, values were 
assigned to contractile areas based on the following relative scale:  0 = no contraction,  
1 = weakly/barely observable contraction, 2 = intermediate contraction, and 3 = very 
strong contraction.  This scoring system allowed discrimination between areas that are 
weakly versus strongly contracting illuminating, in at least a subjective manner the 
degree of contractile function. 
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Figure 36 - Subjective contraction scoring for spontaneously contractile 
embryoid bodies on total day 18.  
The number of EBs beating with each strength classification as assessed by subjective 
scale. 
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Presented in Figure 36 are the results from the videos of 10 spontaneously contractile 
regions of day 18 samples from condition 2, in Section 4.2, where an overall increase 
not only numbers of embryoid bodies with contractile areas, but an increase in the 
strength of those contractions was noted.  As seen in Figure 36, 8% of the EBs in our 
stimulated group were non-contractile, versus 29% for the control.  This translates into a 
three-fold decrease in the number of non-contractile embryoid bodies.  In other words, 
92% of all electrically stimulated EBs have spontaneously contracting regions versus 
71% for the non-stimulated control.  Additionally while the two groups had similar 
numbers of regions that were weak to moderately contractile, the stimulated group 
showed 31% of the EBs were strongly beating versus 10% for the control, another 21%, 
or three fold, increase. This preliminary study identified another parameter by which to 
characterize the functional properties of the contractions leading directly to the 
development of the video analysis system as detailed in section 2.5.3, which removes 
the subjective nature in the method described above.   
4.4.2  Contractile area via ImageJ 
Again working with the videos from Section 4.2, day 15 videos from condition 2 were 
also analyzed for contractile area via ImageJ.  Videos were sequenced and individual 
frames compared to determine the areas in each frame that contained motion.  These 
contractile regions were then cut from these still frames and pasted into a new collage 
for area measurement as seen in Figures 37 and 38, below. For the 10 regions 
measured, the stimulated sample from condition 2 demonstrated a 21% increase in 
average contractile area. These preliminary results demonstrated proof of concept and 
led directly to the development of the image analysis study in Section 4.7. 
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Figure 37 - Stimulated sample, day 13 (EB 
4+9).  Approximate beating regions 
encircled. 
 
Figure 38 - Non-stimulated control, day 13 
(EB 4+9).  Approximate beating regions 
encircled. 
 
4.5 Summary Preliminary Studies 
These results are substantially higher than the typically reported percentages of 36-60% 
contractile embryoid bodies from the literature (Lake 2000). The concept of describing 
the contractions by more than merely counting their presence is unique to this study. 
The results from this initial, subjective analysis led to consideration of other, more 
impartial means for cataloging and quantifying the contractile properties of these cardiac 
myocytes from EBs. These experiments led directly to the development of the video 
system for performing quantitative analysis on contractile function, as utilized in later 
portions of this study. Details of this system are described in Section 2.5.3. 
With regards to the timing of the stimulation, condition number 2 with 2 days in hanging 
drops and 3 days in suspension culture demonstrated the greatest promise. The 
embryoid bodies spread consistently to a thickness that could easily be imaged and then 
quantified. Earlier plating of EBs resulted in diffuse cultures with weak contractions, and 
later plating remained rounded and difficult to image. Taken together these two factors 
led us to utilize Condition 2 for all future experiments. 
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Section 2 - Quantitative Analysis:  Effect of Chronic Electrical 
Stimulation on Differentiating Embryoid bodies 
 
4.6 Introduction 
Based on the preliminary results for the optimum timing of plating and stimulus initiation 
detailed in the previous section, the 2 days in hanging drops followed by 3 days in 
suspension culture regimen was utilized for analyzing the effects of electrical stimulation 
on the differentiation of stem cells toward the cardiac, specifically ventricle, lineage.  
During the course of these experiments a new antibody against myosin light chain – 2v 
(MLC-2v) became available (SYSY Inc., Goettingen, Germany).  This turned out to be a 
critical acquisition, in that, the expression of MLC-2v by GFP detection in the transfected 
cells relied solely on the efficient incorporation of the promoter and expression of GFP 
subsequent to expression of MLC-2v in sufficient copy number to be visible by 
microscopy or FACS.  Preliminary testing, depicted in Figures 39 and 40, with day 17 
EBs from the transfected GS-ES-CMV-27 cells, where the expression of MLC-2v by 
antibody detection was compared to that of the internal GFP revealed that the internal 
GFP expression was inhomogeneous, and the antibody was able to detect MLC-2v 
expression more reliably and 5 days earlier in time course experiments than the internal 
GFP marker. 
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MLC-2v expression via interal GFP versus antibody staining.  Panels below  
contrast the expression patters of MLC-2v via internal GFP versus antibody  
detection in the same day-17 sample. 
 
 
Figure 39 - Green channel. 
GFP- depicting typically low detection of expression. 
 
 
Figure 40 - Red channel. 
Primary antibody labeling against MLC-2v followed by Alexafluor 546  
staining demonstrating easily detectable expression. 
 
In longer-term experiments, up to 20 days, the expression of MLC-2v as detected by the 
MLC-2v antibody was found to be greater and more consistent than solely by GFP.  In 
all cases examined, spontaneously contractile regions coincided with MLC-2v 
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expression.  Antibody detection, having been found to be more reliable than the internal 
marker, was utilized from this point on in all comparative studies.  In spite of this finding, 
GS-ES cells were still used for all experiments as they differentiated much more quickly 
as previously discussed in section 2.3.2. 
A quantitative analysis of the numbers of cells differentiated specifically toward ventricle 
was performed via 2 independent methods.  In the first method an image analysis study 
was performed on images from more than 300 embryoid bodies stained with a traditional 
1° and 2° antibody system.  This yielded a quantifiable area of cells expressing the 
ventricle specific marker, MLC-2v. This measurement of area, while not being cell 
numbers per se, gave some indication as to the degree of differentiation.  In order to 
specifically quantify the exact numbers of cells expressing MLC-2v, a second method 
was developed utilizing fluorescence activated cell sorting (FACS).  During the course of 
these experiments, the manufacturer of the MLC-2v antibody developed a PE 
conjugated version specifically for FACS which greatly improved the efficiency of data 
collection.  
4.7 Experimental Procedure – Quantitative Analysis Image 
Analysis 
Mouse embryonic stem cells, GS-ES-CMV27, were cultured as hanging drops, 500 cells 
per 20µl drop DMEM with 20% FBS DMEM for 2 days. Embryoid bodies were then 
transferred to Petri dishes (Nunc-Low Cell Binding Dishes - #145389 or similar) 50-100 
EBs per dish with 15mL of DMEM with 10% FBS. After 72 hours, 35 EBs were 
transfered to each gelatin coated ITO slide with 10% FBS medium and stimulation 
started (100 mv, 20 msec, 1.5 Hz). Medium was exchanged after 24 hours with 1% FBS 
medium for duration of study with daily medium exchange.  
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On day 14 (day 5+9) EB outgrowths were rinsed with PBS and the cells were fixed with 
ice cold methanol. Cells were subsequently blocked with PBS containing 5% FBS for 
one hour at room temperature. Cells were then incubated with mouse monoclonal 
antibody Cl 330G5, specific for MLC-2v, (SYSY Inc.; Goettingen, Germany) at 1:5000 
dilution in PBS with 5% FBS at room temperature on a BellyDancer® gyrating platform. 
Cells were then triple rinsed with PBS with 5% block and counterstained with Alexa Fluor 
546 goat anti–mouse IgG secondary antibody (Invitrogen; Carlsbad, CA) at 1:5000 
dilution in PBS with 5% FBS on a Belly Dancer gyrating platform at room temperature in 
darkness. Samples were then imaged on a Leica DMRX fluorescent microscope fitted 
with a Leica 300FX fluorescent camera. For each experiment, and for every image, the 
exposure time and gain were held constant.   
Image analysis was then performed via ImageJ (NIH). For each experiment, 60 to 120 
images, with equivalent exposure times were stacked, thresholded identically and the 
areas quantified by ImageJ. 
4.8 Results - Quantitative Analysis Image Analysis 
The images in Figure 41 a, b are representative of the more than 300 embryoid bodies 
that were imaged as part of this study, and the difference between the stimulated and 
control samples was readily apparent.  
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Top panel a: 
Embryoid body 
growing on non-
stimulated control 
ITO. 
 
Lower panel b: 
Embryoid body 
growing on stimulated 
control ITO note the 
increase in red area. 
Figure 41 a,b - Day 14 (5+9) embryoid bodies from GSES cells.  
Outgrowths were labeled red with a monoclonal antibody against MLC-2v. Cells are also 
stained with bisbenzimide, which stains nuclear DNA blue. Stimulated sample in the pane 
above demonstrates slightly more (~49.6%) than the average 46.1% increase in intensity of 
expression of ventricular protein over non-stimulated the pane at top. Red areas coincide 
with spontaneously contractile regions. Representative images shown. 
 
The red areas correspond to the spontaneously contractile regions as seen by phase 
contrast microscopy prior to fixation. 
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When taken as an aggregate the stimulated samples showed a statistically significant, 
46.1 +/-6.8 percent increase in area of MLC-2v expression over non stimulated controls 
as seen in Figure 42.  
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Image analysis was performed 
on 300 images similar to those 
depicted above, red channel 
only. Images from three separate 
experiments were stacked, 
thresholded and the red areas 
measured via ImageJ software. 
Taken together, the stimulated 
set was found to have a 
statistically significant average 
increase of 46.1% in red area, 
MLC-2v expressing cells,  versus 
non-stimulated controls. N=3, 
p<0.05. 
 
Figure 42 - Normalized Fluroescent Area – MLC-2v via Microscopy. 
 
4.9 Discussion - Quantitative Analysis Image Analysis 
The MLC-2v antibody from SYSY Inc. allowed a more complete analysis of the 
differentiation towards ventricle than the GFP alone.  Although the internal GFP is 
present in a significant number of differentiated cells, there are clearly more cells 
expressing MLC-2v as demonstrated by antibody detection than GFP alone as shown in 
the images in Figures 39 and 40.  Antibody detection made possible the image analysis 
study where a statistically significant 46.1% increase in the area of cells expressing 
MLC-2v was found.  This increase in the area of cells, and by inference the number of 
cells has not been previously reported.  It was decided that this image analysis while 
telling, warranted further independent verification via flow cytometry. 
57. 
4.10 Experimental Procedure – Quantitative Analysis - Flow 
Cytometry 
Mouse embryonic stem cells, GS-ES-CMV27, were cultured as hanging drops, 500 cells 
per 20µl drop DMEM with 20% FBS DMEM for 2 days.  Embryoid bodies were then 
transferred to Petri dishes (Low Cell Binding Dishes - Nunc-#145389 or similar) 50-100 
EBs per dish with 15mL of DMEM with 10%FBS.  After 72 hours, 35 EBs were 
transferred to each gelatin coated ITO slide (4 ITO stimulated and 4 ITO controls) and 
Permanox® single-well chamber slides (4 plastic controls) (Nunc #177410) with 10% 
FBS medium and stimulation started (100 mv, 20 msec, 1.5 Hz).  After 24 hours 
exchange medium with 1% FBS medium for duration of study with daily medium 
exchange.  On days 8, 10, 12, and 14 one ITO control, one ITO stimulated and one 
plastic control chamber were rinsed with PBS without calcium or magnesium.  The EB 
outgrowths were trypsinzed to obtain single cell suspensions with 0.25% trypsin for 30 
minutes in a cell culture incubator at 37°C and 5% CO2 with agitation on a BellyDancer® 
gyrating platform.  Trypsin was stopped with 5% FBS in PBS, and cells were pelleted.  
The resulting pellet was resuspended by vortexing, washed with PBS, and spun down 
again to remove any remaining FBS in order to prevent clumping during fixation. This 
pellet was vortexed and fixed with ice cold methanol. Samples were then stored in 
methanol at 4°C until the time of staining up to 10 days.  
Samples from days 8 – 14 were stained at the same time to eliminate inconsistencies.  
Cells in methanol were spun down and resuspended in 5% FBS in PBS and blocked for 
one hour at room temperature on BellyDancer® gyrating platform.  Cells were then 
incubated with primary PE-conjugated antibody against MLC-2v (SYSY) (1:5000 dilution) 
for one hour at room temperature on BellyDancer® gyrating in darkness.  Samples were 
washed twice with PBS and analyzed on a BD FACSCanto flow cytometer (Becton 
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Dickinson; San Jose, CA) running FACS Diva software (Becton Dickinson).  Evaluation 
of the 100,000 events collected was performed by WEASEL (The Walter and Eliza Hall 
Institute of Medical Research, Melbourne, Australia) and FloJo (Tree Star Inc. Ashland, 
OR) cytometry software packages. 
4.11 Results- Quantitative Analysis - Flow Cytometry 
The flow cytometry data in large part paralleled the image analysis data.  All data were 
normalized to the control ITO to arrive at fold changes in differentiation.  On days 8 and 
10 the differences between the ITO stimulated and the non-stimulated ITO control are 
insignificant.  By day 12, the ITO stimulated sample exhibited more than a 2 fold 
increase over the ITO control.  And on day 14, the endpoint, the ITO stimulated exhibited 
a statistically significant 41% increase in the number of cells expressing MLC-2v over 
the ITO control.  The plastic control samples were a new addition in that they were not 
previously studied in the image analysis study.  On day 8, all three growth surfaces 
studied exhibited similar numbers of MLC-2v expressing cells.  On all days thereafter, 
the plastic surface had statistically less numbers of MLC-2v positive cells compared to 
both the stimulated ITO and non-stimulated ITO control. 
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Fold Change in Differentiation: MLC-2v expression Via FACS
Chronic Stimulation
0
0.5
1
1.5
2
2.5
3
3.5
*
Control ITO
Plastic
Day 8 Day 14Day 12Day 10
Stimulated ITO
*
*
*
* *
* *
 
Figure 43 - Fold change in differentiation as assessed by  
MLC-2v expression via FACS.Error bars are +/- S.D. Asterisk denotes 
significant difference P<0.05. n=5 for the plastic and n=4 for control and 
stimulated. 
 
4.12 ESD3 Validation 
In order to further validate these results, a similar experiment was carried out with ESD3 
cells, and although the ESD3 cells differentiate much more slowly than the GS-ES-CMV-
27 cells, a smilar increase is noted as depicted in Figure 44, below.  These experiments 
were run for 20 days instead of 14. 
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Figure 44 - ESD3 FACS Validation:  Fold Change in Differentiation MLC-2v  
Expression Day-20. 
 
4.13 Discussion- Quantitative Analysis - Flow Cytometry 
The flow cytometry data was collected on days 8, 10, and 12 with an endpoint of day 14, 
coinciding with the endpoint for the image analysis.  Interestingly the 46% increase in 
ventricle cells as assessed by image analysis concurs reasonably well with the 41% 
increase as assessed by flow cytometry.  On day 8, the three substrates have 
approximately the same number of MLC-2v positive cells.  The numbers begin to deviate 
by day 10 where the ITO samples both begin to statistically outpace the tissue culture 
treated plastic.  By day 12, all three substrates have statistically different numbers of 
MLC-2v positive cells and continue to do so for the duration of the experiment.   
Somewhat surprisingly, the cells grown on the non-stimulated ITO control differentiated 
with significantly more cardiac cells than the plastic control.  It appears that the 
conductive nature inherent on the surface of this glass enhanced 2-fold on day 12, the 
differentiation towards cardiac.  The presence of a pulsed electric current in the 
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stimulated ITO samples enhanced the differentiation another 4.6 fold over the plastic, 
and 2.4 fold over the non-stimulated ITO.  
This phenomenon of increased cardiac differentiation was further validated by FACS 
with an additional stem cell line. The ESD3 cell line does not have the internal GFP 
marker and was used to prove out that the trend was not cell line specific. The similarity 
in the resultsonly adds to the strength of the claims of this work that a near physiologic 
electrical pulse enhances the differentiation toward cardiac.  
4.14 Quantitative Analysis Functionality – Video Analysis 
 
4.14.1 Introduction 
As previously discussed, generally only the numbers of embryoid bodes with areas 
contracting are reported as a percentage of the total number of EBs.  As noted in 
Section 4.4, Preliminary Video Analysis, a visible difference in the contractile properties 
was discovered by eye and ‘gut feeling’, and a method to quantify these differences was 
sought.  A video analysis method was developed as outlined in Chapter 2.  Briefly, AVI 
videos were tracked via Video Spot Tracker software (NIH), peaks of motion denoting 
peaks of contraction were picked via the peak fitting module, found in OriginPro7.5 
(Origin Labs), and the time differential between peaks was input into the Heart Rate 
Variability analysis software from the University of Kuopio, Finland. 
During the course of the FACS study described in the previous section, on the 14th day 
of each experiment, 5 minute videos were recorded from not less than 6 areas yielding 
videos for analysis.  Average contraction rate, differences in the time between 
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contractions, and the variability in the time between successive contractions were 
determined. 
4.15 Results Quantitative Analysis Functionality – Video 
Analysis 
The stimulus applied during these experiments was 90 BPM and meant to approximate 
slightly less than the early heart rate of the developing embryonic mouse on day 8 (JI 
2003).  The average rate of contraction for the EBs on the tissue culture plastic substrate 
was 48.9 +/- 12.3 BPM.  The control ITO (non stimulated) sample was slightly faster with 
a rate of 55.5 +/- 11.1.  Finally, the rate for the EBs on the stimulated ITO was 75.4 +/-
10.4 BPM, and was statistically different from the EBs on plastic and nearly so from 
those on the control ITO with a p-value of 0.057. 
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Figure 45 - Average Beat Rate, Chronic Stimulation.  
Values are the average +/- S.D. Asterisk denotes statistical 
significant differences. P<0.05, N=4. 
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The R-R interval, or time between contractions, was nearly identical between the plastic 
and ITO controls with 1.55 +/-0.9 seconds and 1.49 +/-0.23 seconds respectively. The 
R-R interval for the stimulated ITO group was 0.97 +/-0.12 seconds, a statistically 
significant difference of approximately 0.5 second from both the controls.   
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Figure 46 - Average R-R interval -chronic stimulation.  
Values are the average +/- S.D. Asterisk denotes statistical 
significant differences. P<0.05, N=4. 
 
The beat rate variability, or the analysis of the variations between beats, was very 
different in these samples. The stimulated sample’s BRV was 116.7 +/- 58 msec, which 
was half the variability of the control and nearly1/3 that of the plastic sample which were 
230.5+/-178 and 294.7+/-186.1 msec respectively.  Interestingly, the standard deviation 
of the variability in the stimulated samples was 1/3 that of the other groups. 
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Figure 47 –Beat Rate Variability, chronic stimulation.  
Values are the average +/- S.D. Asterisk denotes statistical 
significant differences. P<0.05, N=4. 
 
4.16 Discussion: Quantitative Analysis Functionality – Video 
Analysis – Chronic Stimulation 
When viewing these videos of contractions, or observing the experiments directly 
through the oculars of the microscope one can see a difference by eye and this ‘gut 
feeling’ was quantifiable.  The differences in the contractility as observed by eye were 
found to be quantifiable as beat rate, and beat rate variability.  At first glance the results 
for the plastic samples was puzzling.  However, when the tissue is thought of as an 
interconnected set of cells relying on internal and external ion currents for signal 
propagation it seems more clear.  It appears that during the differentiation of the cells 
and the development of the interconnected cardiac tissue, the conductive properties of 
the surface enhanced the differentiation towards ventricular cells even in the absence of 
any applied current.  The cells on the ITO without stimulation demonstrated nearly 30% 
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less variation in the variability of the contractions than those on the plastic.  These 
results uphold the common theory that the nature of the cellular environment has a 
pronounced effect on cellular differentiation and function. When an external stimulus is 
applied the results are even more dramatic, in that the BRV of the cells which developed 
on the stimulated ITO samples demonstrated half to one third the variability of the cells 
on either control substrate. Taken together these results further demonstrate the benefit 
of designing the functional cue of electrical conductivity into the growth substrate on the 
differentiation of stem cells towards ventricle lineages.  Furthermore, when this surface 
is activated by the presence of an electrical stimulus with parameters near physiologic, 
the results are ever more pronounced.  
Section 3 - Quantitative Analysis:  Effect of Short term Electrical 
Stimulation on Differentiating Embryoid bodies 
 
4.17  Introduction Quantitative Analysis:  3-Day Stimulation 
As previously discussed, the differentiation of ES cells can be affected by the application 
of growth factors in vitro, the concentration and timing of the addition of the growth factor 
retinoic acid was shown to be critical in the differentiation process (Wobus 1997).  
Application of the differentiative factor too early, for too long, or in the incorrect 
concentration, actually inhibited differentiation.  These principles were investigated with 
respect to the duration of the application of an electrical stimulus.  Based on the first 
experiments, yielding the most effective day for initiating plating and stimulation, the 
duration of the stimulation was constricted to a period of days, e.g. days 5 through 7, as 
was the procedure for retinoic acid or other growth factor treatment (Wobus 1997). 
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4.18 Experimental Procedure: Quantitative Analysis Flow 
Cytometry:  3-Day Stimulation 
Mouse embryonic stem cells, GS-ES-CMV27, were cultured as hanging drops, 500 cells 
per 20µl drop DMEM with 20% FBS DMEM for 2 days.  Embryoid bodies were then 
transferred to Petri dishes (Low Cell Binding Dishes - Nunc-#145389 or similar) 50-100 
EBs per dish with 15mL of DMEM with 10%FBS.  After 72 hours, 35 EBs were 
transferred to each gelatin coated ITO slide (4 ITO stimulated and 4 ITO controls) and 
Permanox® 1 well chamber slides (4 plastic controls) (Nunc #177410) with 10% FBS 
medium and stimulation started (100 mv, 20 msec, 1.5 Hz).  After 24 hours, medium was 
exchanged with DMEM with 1% FBS for duration of study with daily medium exchange 
thereafter.  After 72 hours the stimulation was stopped and left off for the remainder of 
the study. On days 8, 10, 12, 14 one ITO control, one ITO stimulated and one plastic 
control chamber were rinsed with PBS without Ca or Mg.  The EB outgrowths were 
trypsinzed to obtain single cell suspensions with 0.25% trypsin for 30 minutes in a cell 
culture incubator at 37°C and 5% CO2 with agitation on a BellyDancer® gyrating 
platform.  Trypsin was stopped with 5% FBS in PBS, and cells were pelleted.  The 
resulting pellet was resuspended by vortexing, washed with PBS, and spun down again 
to remove any remaining FBS in order to prevent clumping during fixation.  This pellet 
was vortexed and fixed with ice cold methanol. Samples were then stored in methanol at 
4°C until the time of staining.  
Samples from days 8 – 14 were stained at the same time to eliminate inconsistencies. 
Cells in methanol were spun down and resuspended in 5% FBS in PBS and blocked for 
one hour at room temperature on BellyDancer® gyrating platform.  Cells were then 
incubated with primary PE-conjugated antibody against MLC-2v (SYSY) (1:5000 dilution) 
for one hour at room temperature on BellyDancer® gyrating in darkness.  Samples were 
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washed twice with PBS and analyzed on a BD FACSCanto flow cytometer (Becton 
Dickinson; San Jose, CA.) running FACS Diva software (Becton Dickinson).  Evaluation 
of the 100,000 events collected was performed by WEASEL (The Walter and Eliza Hall 
Institute of Medical Research, Melbourne, Australia) and FloJo (Tree Star Inc. Ashland, 
OR) cytometry software packages. 
4.19 Results: Quantitative Analysis Flow Cytometry - 3-Day 
Stimulation 
For the short term stimulation study, the stimulus was applied for 3 days from day 6 
through 8 then stopped for the duration of the experiment. Samples for FACS were 
taken on days 8, 10, 12, and 14. While initially demonstrating the highest number of cells 
expressing MLC-2v on day 8, from day 10 on we again see the plastic at approximately 
one half that of the control sample (Figure 48). The only significant differences were 
between the normalized control and the plastic. The control ITO and stimulated ITO 
having similar numbers of cells expressing MLC-2v.  
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Fold Change in Differentiation: MLC-2v expression Via FACS
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Figure 48 - Fold change in differentiation in 3-day stimulation study as assessed  
by MLC-2v expression via FACS. 
Error bars are +/- S.D. Asterisk denotes significant difference P<0.05. n=2. 
 
4.20 Results: Quantitative Analysis Functionality - Video 
Analysis – 3-Day Stimulation 
When the short term stimulation experiments were analyzed on day 14, the results for 
the contractility were much more subtle and statistically insignificant. The average heart 
rate for the plastic and control ITO were very similar at 48.8+/- 14.7 and 52.2 +/- 9.2 
BPM respectively. The stimulated sample was higher at 60.6 +/- 8.8 BPM. 
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Figure 49 - Average Heart Rate – 3-Day Stimulation. 
Values are the average +/- S.D. N=2. 
 
The average time between contractions, R-R interval was similar across the conditions 
with the stimulated and control ITO samples closest together with 1.24 +/-0.2 and 1.3 +/- 
0.2 seconds respectively. The plastic sample was slightly different at 1.61 +/- 1.2 
seconds.  
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Figure 50 - Average R-R interval – 3-Day Stimulation.  
Values are the average +/- S.D. N=2 
 
The difference between the plastic and ITO samples was more apparent in the BRV 
values. The plastic sample, at 330.1 +/-223 msec, was 30% more variable than the 
control and stimulated ITO samples at 203.6 +/-136.9 and 194.9 +/- 112.3 msec 
respectively.  
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Figure 51 - Heart Rate Variability – 3-Day Stimulation.  
Values are the average +/- S.D. N=2. 
 
4.21 Discussion: Quantitative Analysis Functionality – Video 
Analysis – 3-Day Stimulation 
The differences in the contractility exhibited by the EBs on the three substrates was 
more muted in this short term, 3-day stimulation study. The tissue culture treated plastic 
again exhibited the largest variability, 50% more than the ITO samples which were 
nearly the same. There was a slight 10BPM increase in the average heart rate of the 
stimulated samples. Additionally, when contractions are viewed, the stimulated samples 
appeared to have stronger contractions than either of the non-stimulated controls.  
However, strength of contraction is not a parameter measured in this study, but simply 
an observation. 
72. 
Chapter 5 
Discussion and Conclusion 
 
Cellular differentiation in the developing embryo is driven by numerous, complex 
processes that are only beginning to be understood.  The work presented here adds to 
the growing body of knowledge elucidating factors and methods for cardiomyocyte 
differentiation.  Various growth factors and chemical compounds have been utilized in 
differentiation studies, however these may be effective in one animal model and 
unsuitable in another.  For example, retinoic acid and DMSO, which have been shown to 
enhance differentiation toward cardiac lineages in mES, but not in hES (Xu 2002).  The 
application of physical stimuli such as chronic stretch or electrical currents and fields 
have been explored on neonatal and mature myocytes from rats and mice 
(Eschenhagen 2005, Radsic 2004, Pedrotty 2005).  Additionally, oxygen tension has 
been shown to be effective, in that hypoxic conditions were shown to increase cardiac 
myoycyte yield (Bauwens 2005).  Similarly, electrical stimulation, as a physical or non-
biologic stimulus common to all species, is expected to be more directly translatable 
across species than the often cell line or species specific growth factors.  
Developmental biologists have demonstrated the presence and possible function of 
electrical currents setup by ion gradients in the developing embryo (Rutenberg 2002 
Viatenchenko-Karpinski 1999, Spitzer 1979).  Recently researchers have shown that 
stem cells, when juxtaposed with cardiac tissue, develop into functional heart tissue 
(Rangappa 2003).  Researchers have also speculated on the function of various extra 
cellular matrix components, and that specific cues could be tailored into artificial 
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scaffolds to help elicit a specific cellular response including directed differentiation 
(Freed 1994, Vacanti 1995). 
The conductive nature of the ITO coated growth substrate used in this study, in the 
absence of electrical stimulation, elicited profound effects on the directed differentiation 
of stem cells.  Embryoid bodies plated on the conductive ITO coated glass slides 
developed significantly more cardiac, and specifically ventricle cells than those plated on 
plastic controls.  Cardiac myocytes are known to have outward currents which affect the 
surrounding environment and subsequently neighboring cells.  Outward rectifier currents 
were found (Gryshchenko 2000) to be evoked from 7+2-4 day cardiac myocytes 
generated from EBs of ESD3 cells, and this relationship was found to be near linear with 
increasing outward currents being induced from an increasing stimulus, with a maximal 
stimulus applied in this study of 80mV eliciting a 700 pA outward rectifying current.  If 
their data, which was linear from 0-80 mV, is extrapolated to the 100 mV stimulus 
utilized in this study, then an approximately 850 pA outward rectifying current may be 
expected.  
These outward currents have been shown to supply the majority of the aggregate whole-
cell current and are instrumental in governing resting membrane potential and the 
frequency of action potentials (Gryshchenko 2000).  These outward currents are also 
thought to be largely influential in early cardiomyogenesis, although the specific 
mechanism has yet to be determined.  However it is known that in early (day 7+2-4) 
cardiomyocytes derived from embryonic stem cells the primitive pacemaker action 
potentials are generated by the voltage dependent L-type Calcium channels and 
transient potassium channels (Maltsev 1994).   
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The potential therefore exists for these currents to be relayed over a larger area of the 
EB outgrowths by the conductive properties afforded by the indium tin oxide coated 
surface of the slides.  Taken together, the transmission of the currents, by the 
conductive growth surface, thus affecting greater numbers of cells in the differentiating 
embryoid body outgrowths, coupled with the effect of the stimulus on the increased 
function of the ion channels begins to offer an explanation for the main findings of the 
work presented in this thesis.  Conceivably, the ITO surface aided in the transmission of 
the outward currents from the differentiating cardiomyocytes to neighboring cells, 
recruiting them to differentiate to the same lineage.  While the increase in contractile 
area could be in part due to the transmission of the action potential along the ITO 
surface thus stimulating contractions in a larger array of differentiated cells, it is not likely 
that this is the only avenue for the increased areas of contraction.  The image analysis 
study clearly showed that there were larger areas of MLC-2v expressing cells, and the 
FACS study confirmed the presence of a greater number of cells, indicating that the ITO 
caused more cells to differentiate towards ventricle causing the larger areas of 
contraction.  The ITO is therefore lending its major contribution early in the 
cardiomyogenesis process, facilitating the creation of larger numbers of contractile cells, 
and a lesser contribution after the development of myocytes in the possible transmission 
of the action potential to larger areas of cells as seen in the mature spontaneously 
contractile regions.   
The working hypothesis is that the function of the local charge gradients setup by the 
ionic currents were enhanced by the presence of a conductive substrate thus carrying 
the charge further and affecting a greater area of developing tissue.  The conductive 
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coating on the slide was thus acting as a carrier for the electric charge enabling a wider 
distribution than a non-conductive plastic slide.  
Additionally, when an electrical stimulus was applied to the slide differentiation was 
further enhanced.  At day 12, a 2.4 fold increase in the number of MLC-2v positive cells 
over the non-stimulated control ITO and a 4.6 fold increase over those on the tissue 
culture treated plastic were found by FACS. These 240% and 460% increases in cell 
numbers are not the only effect of the stimulus, significant differences in the contractile 
properties were also observed.  When one views the contracting embryoid bodies there 
are obvious differences in the speed and rhymicity of the contractions.  These 
properties, although previously not quantified in the differentiation of stem cells, are well 
documented in cardiac physiology.  Heart rate is under the control of the autonomic 
nervous system increased by the fight or flight sympathetic system, or homeostatic 
under the influence of the parasympathetic system.  These two competing mechanisms, 
present in an entire organism are not present in total in the system of cardiac cells 
created from embryoid bodies.  The property of heart rate variability (HRV) has been 
shown to be clinically relevant in the diagnosis of a variety of cardiac dysfunctions (Task 
force) and while the organismal controls are not present, the contractions of embryoid 
bodies can be characterized by the application of a rudimentary BRV or beat rate 
variability analysis.  
The contractions in the cells from embryoid bodies are influenced by pacemakers 
internal to the cells themselves, or in developing Purkinje-like cells intermixed in the 
developing outgrowth, as determined by electrophysiological signals recorded via direct 
and invasive means such as patch clamp or the MEA type systems (Reppel 2004, 
2005).  The signals have been characterized as to their electrophysiological 
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characteristics as they pertain to the class of myocyte – atrial, ventricular or Purkinje-like 
(Maltsev 1994, Wobus 1997, He 2003 Kolossov 2005).  The contractile properties with 
respect to beat rate are beginning to be reported, however the beat rate variability has 
not previously been reported for spontaneously contractile cardiac myocytes from 
embryoid bodies.  
In order to do this on a large scale and non-invasively a video system was devised which 
allows for optical recordings of the contractions of the same cells over time (days and 
weeks) and without direct contact.  This system allows for 5 minute recordings to be 
captured and analyzed offline. The analysis of these 5GB videos yields R-R intervals, or 
the time interval between contractions, which can be analyzed to determine variability of 
the contractions.  It was found that the average beat rate of the cells in the stimulated 
ITO samples was 20 – 25 BPM faster than the control ITO or plastic and at 75 BPM it 
approached the applied stimulus of 90BPM.  The R-R interval for the stimulated sample 
at 1 second was less than either non-stimulated control at 1.5 seconds.  The heart rate 
variability of the stimulated control was half that of the non-stimulated ITO and one third 
that of the plastic control.  These parameters taken together demonstrate a greatly 
enhanced contractility profile in the stimulated samples.  The contractions of the 
stimulated embryoid bodies were more regular signifying a more complete synticium and 
more organized contractile mechanism, including inward and outward currents controlled 
by ion channels.  
The increase in the number of myocytes and their enhanced contractile profile afforded 
by the stimulation program outlined in this study demonstrate a model for developing 
myocytes which are better suited to applications in tissue engineered constructs, direct 
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implantation into an ailing heart and for use in drug development models than those from 
other methods. 
Pathways of some of the major actors in the molecular mechanisms and interactions 
responsible for cardiac differentiation as derived by literature searching and the 
Ingenuity Pathways Analysis (Ingenuity Systems; Redwood City, CA) are presented in 
Figure 52, with the functional relationships highlighted in Figure 53.  Definitions of all 
abbreviations used in Figures 52 and 53 appear in Table 4.  
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Figure 52 - Pathways analysis performed with Ingenuity Pathways Analysis software. 
Electrical stimulation is known to affect cardiomyogenesis in neonatal myocyctes by 
increased action of GATA4 and cFOS. Highlighted here are major interactions downstream 
of GATA4 ending with myogenic markers, MLY2, MYH7, MYH6 and troponins I,C.  
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Figure 53 - Functional relationships of transcriptional elements found in the Ingenuity 
Pathways Analysis. 
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Name Synonyms Description 
ANKRD1 CARP 
ankyrin repeat domain 1 (cardiac 
muscle) 
ATF1 TREB36 activating transcription factor 1 
EDN1 ENDOTHELIN-1, ET-1 endothelin 1 
EDNRA  Et1 receptor endothelin receptor type A 
FOS C-FOS 
v-fos FBJ murine osteosarcoma 
viral oncogene homolog 
FOSL2 FRA-2 FOS-like antigen 2 
FZD8 Frizzled-8 frizzled homolog 8 (Drosophila) 
GATA4  GATA binding protein 4 
GJA5 Connexin40, CX40 
gap junction protein, alpha 5, 40kDa 
(connexin 40) 
JUN Activator protein 1, C-JUN 
v-jun sarcoma virus 17 oncogene 
homolog (avian) 
MAPK1  mitogen-activated protein kinase 1 
MEF2C Myocyte enhancer factor  2C 
MADS box transcription enhancer 
factor 2, polypeptide C (myocyte 
enhancer factor 2C) 
MYH6 Cardiac alpha myosin heavy-chain 
myosin, heavy polypeptide 6, 
cardiac muscle, alpha 
(cardiomyopathy, hypertrophic 1) 
MYH7 Beta Myosin Heavy Chain 
myosin, heavy polypeptide 7, 
cardiac muscle, beta 
MYL2 MLC-2v 
myosin, light polypeptide 2, 
regulatory, cardiac, slow 
MYOD1  MD1, MYF3, MYOD,  myogenic differentiation 1 
NKX2-5 CSX, CSX1, tinman 
NK2 transcription factor related, 
locus 5 (Drosophila) 
NOS2A CALCIUM-INDEPENDENT NOS 
nitric oxide synthase 2A (inducible, 
hepatocytes) 
NPPA ATRIAL NATRIURETIC FACTOR natriuretic peptide precursor A 
NPPC CNP,  natriuretic peptide precursor C 
SLC8A1 CARDIAC NA+/CA2+ EXCHANGER solute carrier family 8  
TBX5 HOS T-box 5 
TNNC1 CARDIAC TROPONIN C troponin C type 1 (slow) 
TNNI3 Cardiac Tni, CMH7, CTNI, Troponin I troponin I type 3 (cardiac) 
Table 4 - Descriptions for each abbreviation used in figures 52 and 53. 
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Electrical stimulation has been shown to increase the expression of GATA-4 and cFOS 
in neonatal mouse cardiac myocytes (XIA 1997, 2000).  These two genes are both 
critical for cardiomyogenesis and act to initiate the cascade of gene interactions involved 
in embryonic heart development.  Although there has been some speculation as to the 
exact order of expression, recent studies indicate that the GATA-4 lies upstream of 
NKX2-5, and that NKX2-5 expression is significantly increased concomitantly with an 
over-expression of GATA-4 (Brewer 2005).  Following the interactions of the 
downstream participants, a logical progression toward differentiated cardiac myocytes 
can be elucidated.  From the Figure 5.1, GATA-4 interaction with endothelian 1 
increases expression of MLC-2v (De 2000) and phosphorylation of cardiac troponin I via 
MAPK (Pyle 2002).  Additionally, GATA-4 interaction with NKX2-5 causes downstream 
activation of ANF (Tanaka 1999), Tbx 5 and Cx40 (Bruneau 2001), as well as CARP 
(Zou 1997) and Mef2c (Papadimou 2005).  Each of these subsequently interacts with 
other downstream participants most notably; Mef2c which interacts with Hand2 to 
increase the expression of alpha myosin heavy chain (Zhang 2004), and Mef2c also 
interacts with MYOD to increase expression of cardiac troponin C.  Defects in GATA4 
and SLC8A1, the cardiac Na+ and Ca+2 exchanger, were found to be responsible for a 
decrease in the number of cardiomyocyes in knockout mice (Wakimoto 2000).  
The initial increased activation GATA4 and cFOS due to electrical stimulation and 
subsequent increased activation of NKX2-5, and ensuing cascade of interactions leading 
to the increased myogenesis in neonatal mouse cells, appear the most likely actors in 
the effects observed in the embryonic stem cells in this study.  Taken together, the 
conductive substrate increased the number of ventricular myocytes, presumably by a 
conductance of ion currents and the electrical stimulation contributed an additive effect 
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of presumably increased activity of GATA4 and NKX2-5 and subsequent effect of 
increased expression of Cx40, which is known to be influential in the development of 
murine cardiomyocytes and their contractions (Omyada 1996). 
The confirmation of the sequential expression of genes observed in neonatal myocytes 
is an essential part of the continuing research pioneered by this study.  Further two 
dimensional experimentation confirming the transcriptional effect of electrical stimulation 
on mES cells and parallel determinations in hES cells are necessary.  Additionally, the 
observations presented in this thesis coupled with the transcriptional knowledge afforded 
by future experimentation pave the way for the use of conductive scaffolds and electrical 
stimulation in three dimensions.  Experimentation in tissue assembly of FACS sorted 
cardiomyocytes generated from stem cells generated in the presence of electrical 
stimulation should yield constructs similar to those developed from neonatal myocytes 
with the added benefit of control over the cell source.   
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